
cycle. The shape of patterns 2 and 4 was similar
to that of the neonate (neonate-toddler correlation
r = 0.88 and 0.98, respectively), as were peak
duration (~35%) and timing (25 and 75%, re-
spectively). Therefore, we infer that patterns 2 and
4 are retained from the stage of newborn stepping,
whereas patterns 1 and 3 develop after that stage.
In preschoolers, all four patterns (accounting for
91 T 2% of variance) showed transitional shapes,
the average peak timing being intermediate be-
tween that of the toddler and the adult. Patterns
2 and 4 were quite variable across preschoolers,
with a time shift of the peak relative to the cycle
that correlated with age (r = 0.86 and 0.79 for
patterns 2 and 4): the older the child, the closer
the pattern to the adult. These transitional pat-
terns strongly suggest a continuous development
of the corresponding motor modules. In adults,
we also found four patterns explaining 89 T 4%
of variance, with peak duration 15 to 20% of the
cycle. The timing of patterns 1 and 3 was similar
to that in toddlers and preschoolers. Patterns 2
and 4 were timed on each foot contact, instead
of midstance or midswing as in neonates and
toddlers. The results depended little on the spe-
cific EMG decomposition technique (fig. S3).

The neural underpinnings of these develop-
mental changes remain speculative (Fig. 3A).
Neonate steppingmainly reflects spinal and brain-
stem control, as shown by stepping anencephalic
infants (10). Subsequent development stems from
a growing integration of supraspinal, intraspinal,
and sensory control (10–12). The lack of a specific
activation pattern timed on foot contact in neo-
nates could depend on immature sensory and/or
descending modulation of stepping. Indeed, in
the absence of sensory and descending modula-
tion (e.g., during fictive locomotion), the spinal
circuitry of animals may produce sinusoidal-like
patterns (15), similar to those of human neonates.
The addition of basic patterns in the first months
of life may imply a functional reorganization of
interneuronal connectivity, additional function-
al layers in the spinal central-pattern-generators
(CPGs), and/or more powerful descending and
sensory influences on CPGs (9, 15, 16).

We found a good correlation between the de-
velopmental changes of the patterns and parallel
changes in locomotion biomechanics (Fig. 3, B
to D). In neonates, two activation patterns were
sufficient for planar covariation (4) of segment
motion (Fig. 3B), but posture was flexed, feet
were lifted high during swing (Fig. 3C), and
stereotyped heel-to-toe shifts of pressure during
stance were absent (Fig. 3D). Pattern 2 pro-
vided (partial) body support during stance while
pattern 4 drove the limb during swing, but there
was no specific activation at either touch-down
or lift-off. In toddlers, the new patterns (1 and 3)
were timed at touch-down and lift-off, providing
shear forces to decelerate and accelerate the body.
The other two patterns (2 and 4) were similar to
those of the neonate, as were the corresponding
kinematic and kinetic events. In adults, the four
patterns were accurately timed around the four

critical events of the gait cycle: heel strike, weight
acceptance, forward propulsion, and lift-off
(3, 4, 8). Accordingly, the legs were kept much
straighter than in children, and the planar co-
variation of segment motion was adjusted to fully
exploit the inverted pendulummechanism, with
minimummuscle activity to support and propel
the body. Center of pressure shifted smoothly
heel-to-toe.

Habitual erect, bipedal mode of locomotion
sets humans apart in the animal kingdom and
may have been a crucial initiating event in hu-
man evolution. Given the unique biomechanical
features of human locomotion, it is not surprising
that its muscle activity profiles differ markedly
from those of other animals. Also, the develop-
mental time course can differ (17): Small-brained

animals tend to walk independently shortly
after birth, whereas independence is achieved
by human infants only after ~1 year. These ob-
servations beg the question: Are the basic motor
patterns unique to humans, or are they shared by
other vertebrates with legged terrestrial locomo-
tion? We applied the same analysis used in hu-
mans to the published recordings available from a
few othermammals (rat, cat, rhesusmonkey) and a
bird (guineafowl) (13). Guineafowls are bipedal,
whereas the other three species are quadrupedal.
In neonate stepping rats, we found two patterns
(accounting for 81% of variance) nearly identi-
cal to those of human neonates (human-rat cor-
relation r = 0.94 and 0.98 for patterns 2 and 4,
Fig. 4A). In all examined adult animals, we
found four patterns with two types of modulation

Fig. 2. Recorded EMG profiles and derived basic patterns. (A) Ensemble-averaged (across all subjects
of each group) EMG profiles during the step cycle, aligned with stance onset in the right leg. Shaded
areas are the experimental data, and black traces the profiles reconstructed as weighted sum of the
patterns extracted from the ensemble. ES, erector spinae; GM, gluteus maximus; TFL, tensor fasciae
latae; Add, adductor longus; HS, hamstrings; VM, vastus medialis; VL, vastus lateralis; RF, rectus
femoris; MG, gastrocnemius medialis; LG, gastrocnemius lateralis; Sol, soleus; TA, tibialis anterior.
(B) Basic patterns from averaged (across steps) EMG profiles in 10 subjects of each group (black).
Patterns from ensemble EMG averages (colored). (C) Normalized weights of the ensemble patterns in
color scale.
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